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Channeled ions passing through a crystal along its axis or plane feel a periodic crystal
field as a flux of virtual photons. When an excitation energy of the ions corresponds to the
photon energy, resonant coherent excitation (RCE) takes place [1,2]. A typica resonance
width, DE/Eyans, SO far observed in the low energy region was ~102, where Eirans 1S the
transition energy, and DE is the resonance width. Recently, we succeeded in observing the
RCE with relativistic ions, and found the resonance width, DE/Eqans, to be ~10* [3]. This
observation strongly indicates that the RCE provides a new and a unique technique of high
precision spectroscopy of highly charged ionsin X-ray region.

The RCE condition for planar channeling in aSi crystal is given by
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where & isthe Plank's constant, v isthe ion velocity, g :1/1/1- (v/c)? , cisthelight velocity,

a isthe lattice constant of Si crystal, £ and / are integers, q is the tilt angle from the [110] axis,
and (4,8) = (N2,Y42), @/+21) and (1/+/2,,/3/2) for (004), (220) and (111) planar
channelings, respectively. The first order RCE condition (k = 1), which has a large transition
amplitude, is realized only for ions with relativistic energies. Using 390 MeV/u Ar*™ ions
supplied from Heavy lon Medical Accelerator in Chiba (HIMAC) channeled in a Si crystal
aong the (220) plane, we observed the (k,/) = (1,1) RCE from 1sto n = 2 states (Eyrans = 3.3
keV). A probability of ionization from an excited state is much larger than that from the
ground state. Therefore, the RCE can be observed through measurements of the charge state
distribution as a function of q in Eq.(1). For relativistic ions, a probability of non-resonant
charge exchange is fairly small that the charge state distribution of transmitted ions is not
smeared. Moreover, we can adopt a totally depleted silicon detector (SSD) with 31
mm-thickness as a target crystal, because the energy loss of the ions in the target is negligibly
small compared with the incident energy. From the energy deposition to the SSD, we obtained
the impact parameter dependence of RCE.

Fig.1 shows a fraction of Ar'*®* jonized subsequent to RCE for ions passing through in
the channel center called "best channeled ions®, which correspond to the range of energy
deposition from 2.5 to 2.8 MeV. The upper scale is the transition energy corresponding to g
through the relation in Eq.(1). A two-peak (j = 1/2 and 3/2) structure originating from the
spin-orbit interaction is clearly observed. The width (FWHM) of j = 3/2 peak is 1.1 eV. The
beam angular divergence (Dg ~0.1 mrad) and the energy width of the incident beam (DEo/Eo
~2 * 10™) affect the peak width, which amount to 0.44 and 0.78 eV, respectively. Because the
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RCE mostly occurs near the entrance surface of the crystal, the influence of the energy loss of
the ion to the transition energy, which is estimated to ~0.08 €V, can be neglected. Therefore,
the original resonance width is estimated to be /(1.1)% - (0.44) - (0.78)2 = 0.64 eV, i.e., the

relative resonance width, DE/Eyans, is ~2 ~10™. The number of the atomic strings which
contributes to the resonance, N, is evaluated from DE/Eyans ~ 1/N. In order to achieve such a
sharp resonance, N should be ~5 ~ 10%, which corresponds to ~mm. Such a high coherence is
realized by the large ion velocity, which is the most important advantage of using relativistic
ions. By fitting a gaussian curve to the j = 3/2 peak as the dotted line in Fig.1, the peak
position can be determined with a precision of ~0.05 eV, i.e., ~10 ppm. The precision tells
that the 1s-Lamb shift (1.14 eV for Ar'"™) is able to be determined with a precision in a few
percent, which is already of the same order of the latest measurement [4]. At present, a
precision of the determination of the absolute beam energy is insufficient. However, if the
precise determination of the beam energy is achieved, the RCE measurement with relativistic
heavy ions can be a useful tool for an atomic spectroscopy with ahigh precision.
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Fig.1 Fraction of Ar'®* jonized subsequent to RCE for best channeled ions as a function of
the tilt angle from [110] axis. Dotted line is the fitting curve. Arrows indicate transition
energiesfrom 1sto n = 2 states (j = 1/2 and 3/2) in vacuum.

References

[1] V. V. Okorokov, JETP Lett. 2, 111 (1965).

[2] S. Datz, C. D. Moak, O. H. Crawford, H. F. Krause, P. F. Dittner, J. Gomez del Campo, J.
A. Biggerstaff, P. D. Miller, P. Hvelplund, and H. Knudsen, Phys. Rev. Lett. 27, 843
(1978).

[3] T. Azuma, T. Ito, K. Komaki, Y. Yamazaki, M. Sano, M. Torikoshi, A. Kitagawa, E.
Takada, T. Murakami, Phys. Rev. Lett. 83, 528 (1999).

[4] H. F. Beyer, R. D. Dedlattes, F. Folkmann, and R. E. LaVilla, J. Phys. B18, 207 (1985).



